Mass extinctions are dramatic features of the fossil record in which extinction risk is substantially elevated above background levels. Although extinction risk varies markedly over geologic time, as well as geographically, it was particularly elevated and global in extent during the so-called Big Five events: the Late Ordovician, Late Devonian, end-Permian, end-Triassic, and end-Cretaceous (1). These events were originally recognized by variations in extinction rate in marine animal families, and their importance remains in analyses at the genus level and that account for variable preservation over geologic time (2, 3). Increasing attention has concentrated on understanding the ecological effects of mass extinction and other lesser but still significant extinction episodes (4-10). In PNAS, Sheets et al. (11) document the ecological changes in marine planktonic communities not only during, but preceding the Late Ordovician (447-444 Ma) mass extinction.
Examining the ecological changes during a mass extinction would seem to be straightforward: go to a stratigraphic column spanning the mass extinction and describe the changing ecological composition of successive sedimentary layers through the extinction episode. This would be a direct history of ecological changes related to the extinction if those layers recorded the same habitat through time, such as the distance from shore or water depth for marine benthic organisms, or the overlying water masses for marine plankton. Unfortunately, this simple scenario is rarely the case, as numerous studies of sedimentation over the past 40 y have shown (12) . Processes of sediment accumulation create two challenges for studying ancient mass extinctions (13) .
First, the water depth at any given location varies continuously over geological time, from the combined effects of changes in sea level, sediment accumulation, and the subsidence or uplift of the Earth's surface (12) . Because the distribution of benthic marine invertebrates is primarily controlled by factors correlated with water depth (13) , these variations in water depth will cause changes in the composition of benthic marine communities at any given location, even if the distribution and abundance of species remains static within any particular habitat. Stratigraphic columns will therefore record not only ecological effects associated with the mass extinction, but also those caused by the changing habitats that can be sampled at that location. Ideally, one would track a particular habitat through the extinction interval, but limited rock exposure rarely makes that possible (14, 15) . Studying the effects of extinction on planktonic organisms faces similar problems, because the water masses in which these species live also move laterally through time (Fig. 1) . Second, the rates at which habitats move laterally over time vary markedly, as do sediment accumulation rates. As a result, the habitat preserved in the stratigraphic record at any given location can change abruptly and solely as a result of how sediment accumulates (12) . Therefore, fossil communities can appear to change abruptly as a result of changes in the rates of subsidence, sedimentation, and sea-level change (16) . These stratigraphically controlled community changes can be difficult to distinguish from those caused by a mass extinction (13) , particularly so if the mass extinction was caused by the same processes that control sediment accumulation, in what is known as the "common cause hypothesis" (17, 18) .
In PNAS, Sheets et al. (11) account for these effects in their study of planktonic graptolite (an extinct hemichordate) communities leading up to and through the Late Ordovician mass extinction. Their study focuses on two well-studied sections in the western United States, which was situated just south of the equator during the Late Ordovician. Previous studies have shown that this extinction was associated with a sea-level fall of 70-100 m caused by geologically short-lived continental glaciation, a drop in sea-surface temperatures of ∼6°C, increased delivery of oxygen to the deep ocean, and reduced supply of nutrient-rich and denitrified water. Two aspects of the Sheets et al. (11) study are particularly novel.
First, Sheets et al. (11) developed an innovative method for determining the water masses inhabited by each graptolite species. Graptolites are inferred to have lived in two depth-stratified oceanic water masses: an epipelagic zone of well-lit and wellmixed surface water and an underlying mesopelagic zone, with the two water masses separated by a sharp increase in water density (Fig. 1) . Upon death, graptolites settled to the seafloor, forming relatively shallow-water fossil assemblages containing epipelagic species and progressively deeper-water assemblages bearing an increasing proportion of mesopelagic species in addition to epipelagic species. Based on Late Ordovician graptolite assemblages from around the world, Sheets et al. constructed a maximum-likelihood model of finding each species at a shallowwater site and a deep-water site, then used a Markov chain-Monte Carlo search to find the posterior probability that each species occupied the epipelagic or mesopelagic zone.
Second, Sheets et al. (11) accounted for changes in water depth over time at each site using neodymium isotopes. Times of rising global sea level allow the spread of more radiogenic 143 Nd-bearing water from the ocean onto continental shelves, raising the ratio of 143 Nd as a proxy for water depth, a reasonable approximation in the distal settings of this study, allowed Sheets et al. to disentangle the changes in graptolite communities associated with the extinction event from those that merely reflect lateral shifts in the mesopelagic zone as sea level rose and fell (Fig. 1) .
Sheets et al. (11) find that the graptolite communities experienced a series of changes not only during the extinction, but leading up to it. Particularly in the mesopelagic zone, the authors document a progressive shift toward communities with an increasingly uneven abundance distribution: that is, dominated by a few species. In addition, Sheets et al. show that these communities were progressively invaded by a different suite of graptolites known as the Neograptina, which were previously limited to cooler-water high-latitude settings.
This study (11) has several important implications, not only for understanding how mass extinctions are recorded in the stratigraphic Sheets et al. present direct evidence that the Late Ordovician mass extinction was a prolonged event, one preceded by substantial ecological degradation before a tipping point was reached.
record, but more broadly for understanding the ecological dynamics of mass extinction and the prelude to them.
Because sea level has changed continuously through geologic time (19) , the fossil record of most mass extinctions is complicated by patterns of stratigraphic accumulation (13) . In particular, the depositional response to sea-level change generates abrupt local changes in fossil assemblages that reflect only the lateral movement of habitats and prolonged pauses in sedimentation. When a mass extinction is caused by climate change that results in sea-level change, as in the Late Ordovician, a literal reading of local stratigraphic records can suggest not only that the mass extinction was more abrupt than it actually was, it can mislead as to the timing of the event (20) . Numerical simulations of sedimentation suggest that most ancient mass extinctions were prolonged, lasting several hundred thousand years, much longer than a literal reading of the stratigraphic record would suggest (13). Sheets et al. (11) present direct evidence that the Late Ordovician mass extinction was a prolonged event, one preceded by substantial ecological degradation before a tipping point was reached. Recognizing that at least some mass extinctions are protracted events will significantly guide future considerations of the causes of mass extinction, the processes by which species go extinct during them, and the selectivity of mass extinction (21) .
The recognition of ecological degradation leading up to mass extinction has important implications for modern ecological change. The decline of rare species, resulting in lower evenness, coupled with widespread biotic invasions, is cause for concern even if the magnitude of modern extinction has not reached the intensity of the Big Five mass extinctions. The recognition that the Late Ordovician extinction was preceded by substantial ecological change also raises the intriguing question of how much ecological change must be accrued before an extinction tipping point is reached. Given the extensive record of regional and global ecological change in the fossil record, this is an exciting avenue for future work.
